). This Single-particle electron microscopy (EM) combined finding is puzzling because, based on the high conservawith biochemical measurements revealed the molecution of amino acid sequences (see Figure 1A) , apses. Interestingly, these two effects can be dissoci-
suggests that SAP97 forms multimers or has a highly asymmetric shape. tagged) were expressed in Sf9 cells as recombinant proteins and purified. The resulting proteins ran as single
The elution profile of PSD-95 from the gel filtration column showed a narrow symmetric Gaussian distribubands at the expected molecular weight (MW) and were Ͼ95% pure ( Figure 1B) . To derive the native MW of the tion. SAP97, however, eluted in a broader asymmetric peak, suggestive of a heterogeneous population of partiparticles in solution, the Stokes radius and sedimentation coefficient (S) of the highly purified soluble proteins cles ( Figure 1C ). When deconvoluted into multiple Gaussian curves, the distribution of S values of SAP97 were determined by analytical gel filtration and analytical ultracentrifugation (see Experimental Procedures could be accounted for by the presence of two major species ( Figure 1D ). In contrast, PSD-95 exhibited a and Table 1 ). The native MW of PSD-95 was estimated to be 67 kDa, which is in keeping with a monomeric "monophasic" distribution (see Figure 3E ). Taken together, we conclude that purified SAP97 likely exists in particle of globular shape (MW ϭ 81 kDa) ( Table 1 ). In contrast, SAP97 has a native MW of 131 kDa, a value an equilibrium between monomer and dimer in solution, whereas PSD-95 exists predominantly in monomeric between the MW of a monomer (97 kDa) and that of a dimer (194 kDa). This suggests either an asymmetric form. However, these biophysical measurements do not To confirm the presence of a multimerized population SAP97? The N-terminal region of SAP97 contains an L27 domain (65 amino acids), which has been implicated of SAP97, we performed a chemical crosslinking assay ( Figure 1E ). Purified PSD-95 and SAP97 in solution were in heterodimerization between Lin-2 and Lin-7 in C. elegans (Doerks et al., 2000) . In GST pull-down assays, a incubated with the crosslinking agent glutaraldehyde and then separated by SDS-PAGE. Glutaraldehyde GST-fusion of the L27 domain of SAP97 precipitated wild-type full-length SAP97 but not a deletion mutant caused the appearance of a SAP97 band at ‫022ف‬ kDa (presumptive dimer) as well as slower migrating species lacking the L27 domain (⌬L27SAP97; Figure 3B ). Moreover, the ⌬L27SAP97 mutant showed a large reduction with higher concentrations of the crosslinking agent ( Figure 1E ). Under the same conditions, purified PSDin particle size as judged by analytical gel filtration and native MW, consistent with its being a monomer ( Figure  95 formed no dimer/multimer species. Thus, SAP97 selfassociates whereas PSD-95 remains monomeric in so-3C; Table 1 ). These results demonstrate that the L27 domain is necessary and sufficient for SAP97 multimerilution.
zation. To identify L27 mutants that affect SAP97 multimerizaMolecular Structures of PSD-95 and SAP97 by EM tion, 23 single amino acid substitutions of full-length To determine directly the size and shape of SAP97 and SAP97 were expressed, purified, and screened by ana-PSD-95, we used negative-stain EM combined with digilytical gel filtration ( Figure 3D ). Mutations were identified tal image processing to visualize individual molecules that increase (L14G, L15G, E26A, D27A, and Q42A) or of the purified proteins. Particles from digitized electron decrease the Stokes' radius (I34G, V37G, I38G, and micrographs ‫0003ف(‬ particles for PSD-95 and ‫000,21ف‬ F41A), implying increased or decreased multimerization, particles for SAP97) were analyzed by multivariate starespectively ( Figures 3C, 3D , and 3G). Interestingly, tistical analysis, image classification, and multireference these residues are among the most conserved in known alignment. PSD-95 particles were relatively homoge-L27 domains (see boxes in Figure 3A ). We focused on neous in size and shape ‫001ف(‬ Å in length and 60 Å I38G and L14G as representative mutants in the followin width), and the majority existed in a C-shaped or ing experiments. I38G sediments similarly to PSD-95 "horseshoe" conformation, consistent with an extended and more slowly than wild-type SAP97, consistent with molecule that is curled back on itself (Figures 2A and I38G-SAP97 being a monomer ( Figures 3E and 3F ). SDS-2E). We speculate that the open ends of the "C" corre-PAGE revealed no difference in the mobility of wild-type, spond to the N and C termini of PSD-95 protein. In some I38G mutant, and L14G mutant SAP97 ( Figure 3H ). In cases, PSD-95 particles had a doughnut shape in which native PAGE, however, I38G migrated faster than did no break in the ring was obvious (Figure 2A) .
wild-type, while the L14G mutant migrated more slowly SAP97 particles were more heterogeneous. The ma-( Figure 3I ). These results are consistent with I38G-jority ‫%56ف(‬ of "monomeric" particles) appeared as ex-SAP97 existing primarily in the monomeric state, while tended rod-like structures ‫051ف(‬ Å in length) (Figure wild-type and L14G-SAP97 exist in monomer-dimer 2B). The remainder ‫)%53ف(‬ had a C-shaped or ring-like equilibria, with L14G shifted more toward dimer than structure similar to that of PSD-95 ( Figure 2C ). It is wild-type. Finally, we confirmed by chemical crosslinkstriking that the averages of the monomeric form of ing experiments that the I38G mutant is monomeric. SAP97 resolved four clearly separable globules, espeWhen equal amounts of purified SAP97 variants in solucially in the extended configuration ( Figures 2B and 2E ). tion were treated with increasing concentrations of gluThe linear array of globules probably represents the taraldehyde, dimeric (and higher) species were oblinked domains of SAP97, though more work is required served only for wild-type and L14G ( Figure 3J ). to identify their submolecular nature.
In addition to the monomeric particles of SAP97, we detected many larger particles ( Figure 2D ), which were Homomultimerization of SAP97 Detected in Neurons absent in PSD-95 preparations, that likely represent dimers. These EM findings are consistent with the monoNext we used fluorescence resonance energy transfer (FRET) to determine if SAP97 also forms homomultimers mer-dimer equilibrium of SAP97, which is inferred from gel filtration (Figure 1) . The individual molecules were in neurons. Because SAP97 self-associates via its L27 domain, we monitored multimerization in live neurons not well resolved in the class averages of dimeric SAP97 due to structural heterogeneity in the particles, sugas a function of FRET efficiency (E) between N-terminally tagged CFP-SAP97 and YFP-SAP97 (Supplemental gesting considerable flexibility of the dimeric structure. This is not surprising considering the degree of flexibility Figure Figure S2C) . These results argue against overexpression of GluR1. Overexpression of SAP97 constructs in the absence of GluR1 had no effect on RI any effect on presynaptic release probability but are consistent with postsynaptic action of SAP97 on AMP-( Figures 5A4-5C4 (Figures 8B and 8D) , while empty vector (pSuper) had no effect (Figures 8A and 8D) . In contrast, RNAi of PSD-95 reduced only the AMPAR current, with no effect on NMDARs (Figures 8C and 8D) .
Dissociated neurons transfected with SAP97 RNAi (Figure 7) . The effect of I38G-SAP97 on reduced total GluR1 and total GluR2 to similar extents LTP was not tested because this mutant has significant ‫%03-%02ف(‬ reduction compared with empty vector; negative effects on NMDAR EPSC (see Figure 4A ). Since
Figures 9B and 9C). Surface GluR1 was decreased by L14G-SAP97 mutant clearly does not affect NMDAR
‫%52ف‬ by PSD-95 RNAi (similar to the decrease in total EPSC (see Figure 4C) , the inhibition of LTP by SAP97 GluR1) and by 50%-60% by SAP97 RNAi (Figures 9B is unlikely to be due to inhibition of the NMDAR current. and 9C). The surface GluR2 level was strongly reduced Rather, the occlusion of LTP by SAP97 probably results ‫)%05ف(‬ by SAP97 RNAi but was relatively unaffected from the synaptic delivery of GluR1-containing AMPby PSD-95 knockdown. Thus SAP97 is required to supARs, a mechanism that is common to SAP97-induced port the surface expression of both GluR1 and GluR2, potentiation and LTP.
whereas PSD-95 is needed specifically for surface GluR1. In addition to affirming the specificity of RNAi Effect of SAP97 RNAi on Synaptic Transmission effects in this system, these loss-of-function data reveal and Surface AMPAR the overlapping but distinct roles of SAP97 and PSDThe functional analysis of SAP97 has so far relied on approaches involving overexpression. Therefore we 95 in synapses.
bined with computer-aided averaging, we obtained higher-resolution structures that revealed the surprisingly different shapes of monomeric full-length PSD-95 and SAP97. PSD-95 had a compact C-shaped conformation, whereas SAP97 preferentially adopted an extended rod-like conformation. A minority of SAP97 monomers showed an alternative C-shape configuration similar to that seen for PSD-95, consistent with previous structural modeling of SAP97 (Wu et al., 2000) . Our EM data on PSD-95 and SAP97 indicate that MA-GUK scaffolds have preferred conformations as fulllength proteins, debunking the concept of multidomain scaffold proteins as flexible "beads on a string." The proper geometric organization of domains within MA-GUK proteins may be important for their scaffold function, since scrambling the order of individual protein interaction modules in STE5, a yeast scaffold protein for a MAP kinase pathway, has been shown to disrupt signaling efficacy (Park et al., 2003) .
In addition to differences in shape between their monomers, SAP97 and PSD-95 exhibited distinct quaternary structures. Soluble SAP97 tended to dimerize, whereas PSD-95 was primarily monomeric. Differences in structure and multimerization could underlie the functional distinctions between PSD-95 and SAP97, for example, by determining the selectivity of binding partners. Scaffold multimerization is proposed for another multi-PDZ protein, GRIP, although the functional significance is unclear (Srivastava et al., 1998) . Multiple splice variants exist for SAP97 and PSD-95, and it remains to be determined how differential splicing affects the structure-function of these MAGUK scaffolds. et al., 2000) . Using negative-stain EM com- Our findings differ from those of a previous report in SAP97 with highly mobile AMPARs. L27 domain mutations that disrupt multimerization resulted in faster turnwhich no effect was found with overexpression of SAP97 that was tagged at its C terminus with GFP (Schnell et over of SAP97 in spines. Interestingly, these mutations disabled SAP97 with respect to synaptic potentiation al., 2002). Given that SAP97 and PSD-95 fold in specific conformations, their structure/function could be sensibut not with respect to GluR1 delivery. One possible explanation is that disruptive L27 mutations shift the tive to the insertion of large moieties like GFP. Based on the crystal structure and mutational analysis, the equilibrium of SAP97, favoring the "dynamic monomer" capable of trafficking GluR1 to the synapse but reducing extreme C terminus of PSD-95 family proteins plays a role in the intramolecular interactions between SH3 and the "immobile multimer" responsible for stabilizing AMPARs at the synapse. In conclusion, our results show that SAP97 enhances of alignment, multivariate statistical analysis, classification, and imElectrophysiology Electrophysiological recordings were carried out from organotypic age averaging. slice cultures as described (Sala et al., 2003) . Neurons were transfected using a biolistic gene gun (Bio Rad) at DIV 3-6 (100 g DNA; Analytical Ultracentrifugation 90% of the construct to test; 10% pEGFP-C1). pCI-GluR1, pGW1-An Optima XL-A centrifuge (Beckman) was operated with an An-SAP97, and pEGFP-C1 constructs were transfected at the ratio of Ti60 rotor. A double-sector cell, equipped with a 12 mm Epon center-45:45:10. Electrophysiological recordings were performed at 2-3 piece and quartz windows, was loaded with ‫004ف‬ l of protein days (overexpression) and 3-4 days (RNAi) after transfection. Resample (0.3-0.6 mg/ml). Data were collected at rotor speeds of cordings were carried out in solution containing NaCl, 119 mM; KCl, 3000-60,000 rpm in continuous mode at 10ЊC, with a step size of 2.5 mM; CaCl 2 , 4 mM; MgCl 2 , 4 mM; NaHCO 3 , 26 mM; NaH 2 PO 4 , 0.005 cm and an average of three scans per point. The sedimentation 1 mM; glucose, 11 mM; picrotoxin, 0.15 mM; and 2-chloroadenosine, velocity absorbance profiles were analyzed using the DCDT soft-0.003 mM for LTP experiments and 0.01 mM for others, gassed ware provided by J.S. Philo (Philo, 1997) to obtain the apparent with 5% CO 2 /95% O 2 , at pH7.4. Whole-cell recordings were made distribution of sedimentation coefficients g(s*). The partial specific simultaneously from a pair of CA1 pyramidal neurons, one transvolume value of 0.71 cm 3 /g was determined based on the PSD-95 fected and one untransfected, during stimulation of presynaptic and SAP97 amino acid sequence. fibers at 0.2 Hz. In most recordings, except LTP and asynchronous synaptic events, we stimulated two independent synaptic inputs. In Chemical Crosslinking of Purified Proteins such cases, we averaged the amplitudes of these two inputs and Purified proteins were dialyzed against phosphate-buffered saline counted them as "n ϭ 
GK domains (McGee and

